Multi-wavelength transmission imaging provides a possibility for early breast cancer detection. However, due to the strong scattering effect of light source in the transmission process of biological tissue, there exist many difficulties in the heterogeneous identification of multi-wavelength images. In this paper, a multi-wavelength images frequency fusion method based on regional variance significance and regional space energy weighting is proposed to improve the accuracy of heterogeneous detection. Firstly, the acquisition experiment of phantom multi-wavelength transmission images is designed. And R\G\B threechannel wavelength images are extracted from multi-wavelength images as an example to realize subsequent image fusion. Secondly, frame accumulation technique and second-order Butterworth filter are used to improve the signal-to-noise ratio of images and suppress the noise of images. Then, after homomorphic filtering, it is found that the same frequency domain of images is connected, which is not conducive to the recognition of heterogeneity in image. In order to break the connectivity of images in the same frequency domain and improve the accuracy of heterogeneous detection, the regional variance significance and the regional space energy weighting fusion strategies are used to reconstruct the low-frequency and high-frequency fusion images respectively. Finally, the heterogeneous detection results of the proposed image fusion method and the state-of-the-art methods in the multi-wavelength image are compared. The experimental results show that compared with the state-of-the-art image fusion methods, the fusion method proposed in this paper can identify the location of heterogeneous region more accurately and significantly improve the contrast between heterogeneous region and normal region in the fusion image. In conclusion, the fusion algorithm not only effectively realizes the recognition of heterogeneity in multi-wavelength images, but also promotes the potential application of multi-wavelength transmission image in early breast cancer detection.
produces artifacts, but also causes ionizing radiation damage to patient's body. MRI imaging requires strict requirements for patients, and expensive price and slow imaging are not conducive to popularize. And the physical structure distribution of early tumor tissue is blurred in these images, which makes it impossible to locate the location and extent of the tumor. However, breast tissue is a semi-transparent with high transmittance. In the process of transmission imaging, large shadows will be generated in image due to the large amount of new blood vessels and hemoglobin in breast tumor tissue, which is called heterogeneity [16] . So optical transmission imaging is one of the effective and feasible methods for breast cancer detection.
In recent years, multi-spectral nondestructive transmission imaging has gradually become a research focus and has been widely used in many fields [17] [18] [19] [20] [21] . And compared with the traditional detection methods, multi-spectral imaging has the advantages of real-time, safe, non-invasive and high sensitivity. In fact, multi-spectral transmission imaging has few research applications in medical field. This is mainly due to the strong scattering effect of light source in transmission process of biological tissue, which makes the signal in multi-spectral transmission image weak and can't obtain the abundant characteristic information of heterogeneity. But in multi-spectral transmission imaging, the optical properties of different tissues at different wavelengths are different. The combination of different wavelengths information may be conducive to the detection of heterogeneity. So in order to achieve the heterogeneous region detection in multi-spectral transmission images, a reasonable multi-wavelength images fusion method can be established according to the frequency distribution of each wavelength image to enhance the information degree of heterogeneous region.
In terms of image fusion, many scholars have proposed many methods and achieved good effect in image local regions enhancement [22] [23] [24] [25] [26] [27] . Such as in the time domain of image, Luo et al proposed an image-driven region fusion (IDRF) method based on image redundancy and complementarity in specific region partitioning strategy [28] . Bai et al proposed a new quadtree-based algorithm (QBG) for multi-wavelength image fusion, which decomposed source images into the optimal size block in the quadtree structure to obtain an all-focus image [29] . And Zhou et al presented a novel multi-scale weighted gradient-based fusion (MWGF) method to solve image fuzzy, which can reflect the sharpness of image edges and corner structures at multiple scales [30] . In the frequency domain of image, Sharma et al proposed a hybrid image fusion method combining self-fractional Fourier function (SFFF) decomposition and multivariate empirical mode decomposition [31] . Yang et al presented a novel multi-wavelength image fusion method based onnonsubsampled contourlet transform (NSCT), which fused the coefficients of low frequency and high frequency sub-bands of image respectively by sum-modified-Laplacian and local Log-Gabor energy [32] . And combining the advantages of Non-subsampled Shearlet transform (NSST) and
Fractional Fourier transform (FRFT), Sun et al proposed a new image fusion algorithm to obtain high-quality fusion images [33] . In terms of multi-type image fusion, Jin et al proposed a novel image fusion scheme based on contrast pyramid (CP) and teaching-learning-optimization for visible and infrared images in different spectra of complex scenes [34] . Gaurav et al proposed a multimodal medical image fusion framework based on non-subsampled contour transform algorithm (NSCTA), which fused low frequency and high frequency coefficients of image based on phase consistency and directional contrast, respectively [35] . In addition, in the traditional deep learning image fusion, Liu et al proposed a new multi-wavelength image fusion method based on Convolutional Neural Networks (CNN), which can generate the activity level measurement and fusion rule between source images and focus map autonomously [36] . And Jin et al proposed a novel two-stage medical image fusion method based on nonsubsampled shearlet transform (NSST) and simplified pulse coupled neural network (S-PCNN) to achieve the fusion of CT, MRI and positron emission tomography (PET) [37] . The above-mentioned image fusion methods, whether achieving local signal enhancement in a specific region or a specific frequency domain, are based on the association relationship of reconstructed image data. Although a good effect is achieved in terms of image local regions enhancement, the characteristics of the image data itself are changed, making the enhancement region unable to objectively describe the nature of the region, which is not conducive to the diagnosis of diseases. And image fusion methods based on traditional CNN usually need complex calculations with lots of iterations and multi-parameter adjustments.
In this paper, in order to fully explore the characteristic information of multi-wavelength images, multi-scale fusion strategies based on the information differences of different biological tissues in multi-wavelength images are established in different frequency domains of images. And different fusion strategies are adopted to select image data matrix that can reflect the characteristics of heterogeneous region and maintain the quantitative relationship. So a multi-wavelength transmission images fusion method in the frequency domain is proposed to realize the detection of heterogeneity. In the proposed method, frame accumulation technique and second-order Butterworth filter are used to improve the signal-to-noise ratio (SNR) and suppress the noise of images. The wavelet transform is used to extract coefficient matrices in different frequency domains of images. And then, the low-frequency and high-frequency regions of image are reconstructed according to the regional variance significance (RVS) and the regional space energy weighting (RSEW) fusion strategies respectively. Finally, various fusion methods (IDRF, QBG, MWGF, SFFF, NSCT, NSST, CP, NSCTA, S-PCNN, CNN, Fusion) are compared to obtain the location of heterogeneous regions to verify the superiority of the proposed frequency domain image fusion method. Experimental results show that the fusion method not only realizes the detection of heterogeneity, but also improves the potential application of multi-wavelength transmission images in early breast cancer screening.
II. RELATED TECHNOLOGY A. FRAME ACCUMULATION TECHNIQUE
Gray level is the core of image accuracy and heterogeneous detection sensitivity. However, biological tissues have relatively strong scattering and absorption characteristics during self-testing, which inevitably leads to weak signals and insufficient image clarity. For weak signal image, frame accumulation is one of the most effective methods to obtain the target image with high SNR. Moreover, the increasing multiples of image SNR by frame accumulation are related to the number of frames [38] . Suppose x si (i = 1, 2, . . . , m) is the image signal. And x ni (i = 1, 2, . . . , m) is the random noise of Poisson distribution, which is mainly generated by circuits and sensors. In static imaging, the image signal of every frame is the same, x s1 = x s2 = x s3 . . . = x sm . The random noise of every frame x n1 , x n2 , x n3 , . . . , x nm is independent. After accumulating the m-frame image, the SNR of image is m times than that of the original single-frame image. As formulas (1-2) shown:
x ni ) represents the sum of random noise of m frames images; σ 2 n is the variance of random noise.
B. FUSION METHODS 1) REGIONAL VARIANCE SIGNIFICANCE (RVS) STRATEGY a: CALCULATION OF RVS IN LOW-FREQUENCY REGION OF THE IMAGE
Analysis of variance is an inspection for significant differences in the mean of different intervals. By analyzing the significance of variance in different regions and its contribution to the overall image, a theoretical basis for the realization of target region selection is provided. Among them, RVS is defined as formula (3):
where G(X , p) represents the RVS of local area Q, the local area Q has a size of 3×3 and its center point is p; ω(q) is the weight, the weight is obtained by weighted addition of Gaussian distribution of rows and columns; C(X , p) is the matrix formed by the region Q;μ(X , p) is the average of the region Q in the low-frequency coefficient matrix X of image.
b: CALCULATION OF THE VARIANCE MATCHING DEGREE IN LOW-FREQUENCY LOCAL REGIONS
The matching degree is used to illustrate the rationality of local region selection. The local low-frequency coefficient matrices are combined in pairs to calculate the variance matching degree of local regions among different wavelengths. The definition is shown in formulas (4-5):
where M AB (p) represents the local variance matching degree of low-frequency coefficients of images A and B at the local region Q, and the value varies between 0-1.
c: DETERMINATION OF THE FUSION STRATEGY IN LOW-FREQUENCY LOCAL REGIONS
A relatively small adaptive threshold is chosen as the matching threshold, which can extract more subject information in the low-frequency region of image. The definition is shown in formulas (6-7):
where G(A, p) and G(B, p) represents local region RVS of images A and B respectively. When M (p) ≤ T , the selection fusion strategy shown as formulas (8-9) is adopt.
When M (p) > T , the weighted fusion strategy shown as formulas (10-14) is adopt.
Among them,
2
) REGIONAL SPACE ENERGY WEIGHTING (RSEW) STRATEGY a: CALCULATION OF RSEW IN HIGH-FREQUENCY REGION OF THE IMAGE
The high-frequency coefficient matrix mainly reflects the detailed information of image, and the external appearance of detail information reflects the distribution of energy in the images. So the RSEW is chosen as the basis for the selection of different local coefficient matrix, which is defined as formula (15): where E j,l (m, n) represents the local region energy of highfrequency coefficient at scale j and direction l; Q is the local region with size of 3 × 3 selected and centered on point P(m, n); C j,l (i, j) represents the pixel value in region Q.
b: CALCULATION OF THE ENERGY MATCHING DEGREE IN HIGH-FREQUENCY LOCAL REGIONS
The high-frequency coefficient matrices of different wavelength image are still combined in pairs to calculate the energy matching degree of local region, and the local region energy matching degree is defined as formulas (16) (17) :
where the value of M j.l (m, n) ranges from 0 to 1, and the smaller the value, the lower the correlation degree.
c: DETERMINATION OF THE FUSION STRATEGY IN HIGH-FREQUENCY LOCAL REGIONS
Let T 1 be the energy matching threshold, which generally ranges from 0.5 to 1. This paper establishes energy matching threshold based on information entropy of high frequency fusion image. Among them, the higher information entropy, the higher fusion quality of image. After many tests, it is shown that when T 1 = 0.8, the information entropy of high frequency fusion image is the highest. When M j.l (m, n) ≤ T 1 , the selection fusion strategy shown as formulas (18) (19) ) is adopted.
When M j.l (m, n) > T 1 , the weighted fusion strategy shown as formulas (20-24) is adopted. 
B. IMAGE ACQUISITION AND PREPROCESSING
The original multi-wavelength transmission images are acquired on the built experimental device for image processing. The specific experimental steps are as follows:
(1) Set the parameters of camera. The gain in the camera is set to 10, the exposure time is set to 5ms, and the acquisition rate is about 25 frames/s. (2) Adjust and fix the distance between the light source and the phantom, the phantom and the camera separately, and set up the blackout cloth. Turn on the light source switch and the camera of the camera to get the image at each wavelength in the experiment, that is:
(5) Perform a Fast Fourier Transform (FFT) on images 1, 2, 3) , and obtain the amplitude-frequency characteristic curves, as shown in Fig.3 . It can be seen from figure that the noise of images is mainly additive noise in the high frequency region. In order to suppress additive noise after image accumulation, the secondorder Butterworth filter is used to suppress the noise of image [39] . Among them, the cutoff frequency is set to 50Hz. Finally, the three-single-wavelength filtered images are obtained, as shown in Fig.4 .
C. HETEROGENEOUS REGION DETECTION 1) MULTI-WAVELENGTH IMAGE FUSION IN FREQUENCY DOMAIN
(1) Obtain frequency domain dynamic maps based on homomorphic filtering. The frequency domain dynamic maps of the R\G\B single-wavelength image are obtained by the homomorphic filtering, as shown in Fig.5 . From the three-single-wavelength frequency domain dynamic maps can be seen that the same frequencies are connected, which resulted in the ambiguity of heterogeneous region in image. However, the gray levels are different at the same position in frequency domain dynamic maps of different wavelengths. Therefore, the detection of heterogeneous region can be achieved by establishing a reasonable combination relationship of frequency domain. (2) Reconstruct the low-frequency fusion image based on RVS. In the process of low-frequency image reconstruction based on RVS, the ''db3'' wavelet packet is selected to extract the low-frequency coefficients of image [40] . And as can be seen from Fig.6a , the frequency domain center of filtered image presents regular regional distribution characteristics. Therefore, a 3 × 3 square matrix is selected as a template for local region selection. Among them, the low-frequency fusion strategy maintains the invariance of the association relationship in image local region according to the correlation between adjacent pixels. And the RVS can effectively preserve the overall contour details information of image. So the RVS fusion strategy mentioned above is used to reconstruct the low-frequency coefficient matrix of image. And by wavelet inverse transform, the low-frequency fusion image as shown in Fig.6b is obtained. As can be seen from the figure, the overall contour of fusion image is clearer and the contrast between different regions is more obvious. (3) Reconstruct the high-frequency fusion image based on RSEW. The high-frequency coefficient matrix at different scales and directions contains the detailed features of image, and the clarity of image is reflected by all the pixels in the region. Among them, in wavelet transform process, a lot of ''jitter'' ripple signals appear in the first and third-layer high-frequency coefficients, which are mainly caused by noise in the high-frequency region of image, while the second-layer high-frequency coefficients are relatively flat. Therefore, the secondlayer of high-frequency coefficient matrix is selected as the basis for subsequent research in high-frequency region, which can effectively suppress noise and reflect regional detail features of image. The high-frequency fused image obtained based on the RSEW fusion strategy can effectively preserve the edge information of image, as shown in Fig.6c . And the detailed information of image is purer and richer. (4) Fuse the coefficient matrices of low-frequency and high-frequency fusion images. The coefficient matrices of different frequency domains are fused by inverse wavelet transform to obtain the fusion image, as shown in Fig.6d . As can be seen from the figure, the overall contour information of fusion image is clearer, and the contrast between heterogeneous region and normal region is more obvious. And compared with three-single-wavelength original image, the fusion image avoids the overall ambiguity of R image, and the image hierarchy is more distinct. The loss of information in G\B image is also avoided, and the detailed information in fusion image is enriched.
2) RECOGNITION OF HETEROGENEITY BASED ON WATERSHED ALGORITHM
The watershed transformation is a mathematical morphology segmentation method based on topological theory. The watershed transformation is used to get the image of catchment basin. The boundary points in collection basins represent the extreme point of input image, that is, the calculation of the gradient value, so as to obtain the boundary among different regions in image. Its definition is shown in formula (26):
where f (x, y) represents the pixel value of original image. 
IV. RESULTS AND ANALYSIS
After multi-wavelength transmission image is processed by the frame accumulation technique, the SNR is greatly enhanced and the gray level is significantly increased. And compared with the state-of-the-art image fusion methods, the fusion method in this paper not only has better segmentation effect, but also can more accurately identify heterogeneous regions in multi-wavelength images.
A. IMPROVEMENT THE QUALITY OF MULTI-WAVELENGTH IMAGE BASED ON FRAME ACCUMULATION TECHNIQUE
Frame accumulation has improved the quality of multiwavelength image. As shown in Tab.1, the peak signal-tonoise ratio (PSNR) of image is all positive, which indicates that the gray scale of image is significantly stretched, as shown in Fig.7 . It can be seen from the figure that after all wavelength images are processed by frame accumulation, the grayscale level distribution is obviously increased, the spatial resolution of image is also improved, and the image is clearer. And after frame accumulation, the SNR of all wavelength images is also improved, which will facilitate the extraction of heterogeneous feature information in multi-wavelength images. Among them, the SNR of red light image increases the most, followed by green light image and blue light image.
B. DETECTION OF HETEROGENEOUS REGION BASED ON WATERSHED ALGORITHM
(1) The frequency domain image fusion method proposed in this paper has improved the contrast among different regions of image. Among them, before image segmentation, the boundary and background of multi-wavelength image are modified by morphological operations to reduce the number of pseudo-minima and retain boundary information to the maximum. Most of the noise of background and edge in image are filtered out respectively. And the main boundary of foreground image and many weak information of boundary gradient are preserved. Finally, images obtained by various fusion methods are segmented by a standard watershed transformation, and the results are shown in Fig.8 . And in order to objectively evaluate the segmentation effect of all experimental images, the intra-regional consistency index U , the inter-regional difference index DIR and the contrast C on between normal region and heterogeneous region are used as evaluation criteria. The definitions of all evaluation index are as shown in formulas (27) (28) (29) and the specific result indicators are shown in Tab.2.
where N is the total number of pixels in the image; N k is the total number of pixels in region R k ; i is the pixel in region R k ; f i is the gray value of pixel i; m is the number of region; C is the number of regions combination; f (R i ) is the average gray value of an image local region; C on represents the contrast, the larger the value, the larger the contrast; MN is the size of corresponding region; f (i, j) and f 0 (i, j) respectively represent the real heterogeneous region and other regions of image.
The image segmentation results of various fusion methods are shown in Fig.8 . As can be seen from the figure:
x Among the time domain image fusion methods, MWGF method has the best segmentation effect. As shown in Fig.8c , except for the partial heterogeneous region communicating with normal region, other portions are basically divided into three parts, including the normal region on both sides and the heterogeneous region in the middle. yIn the image frequency domain fusion methods, the image segmentation effect obtained in the SFFF frequency domain is the best, as shown in Fig.8d . However, compared with the optimal time-domain fusion method, the heterogeneous region has more connections with normal region, which is not conducive to the detection of heterogeneity in multi-wavelength image. z Among the fusion methods of various types of images, the NSCTA method obtains the best segmentation effect. In Fig.8h , in addition to mis-demarcating part of heterogeneous region, the segmentation between heterogeneous region and normal region is basically realized. { The traditional CNN image fusion method also achieves a relatively efficient segmentation of images. In Fig.8j , the heterogeneous region is completely separated from the normal region. However, compared with other fusion methods, CNN fusion method requires more complex parameter setting and fusion time. | In single-wavelength image and original RGB image, due to the lack of local information in the image, the segmentation of different regions of image cannot be effectively completed. } Compared with the state-of-the-art image fusion methods, the frequency domain fusion method proposed in this paper achieves effective segmentation between heterogeneous regions and normal regions. And it can also be seen from the specific evaluation indexes in Tab.2 that the proposed frequency domain fusion method can well improve the contrast between different regions. Moreover, as can be seen from the table, the method has been improved to some extent in intra-regional consistency and inter-regional difference.
(2) The proposed image frequency domain fusion method has improved the accuracy of heterogeneous region detection. Among them, by analyzing the correlation coefficients of the above segmented images, it is found that the fusion method proposed in this paper enhances the information degree of heterogeneous region to some extent and improves the contrast between normal region and heterogeneous region, which will be beneficial to the detection of heterogeneous region in multi-wavelength image. Finally, the heterogeneous regions in all experimental images are detected according to the change of gradient values in watershed transformation. And all specific processes are as follows: Firstly, the coordinate positions larger than the threshold g(g = 0.7) are calibrated in all fusion images. Then, all matrix ranges are set according to the demarcated coordinate positions. Finally, the locations of all heterogeneous regions are demarcated, as shown in the white frame matrix in Fig.9 . And all red frame matrixes in fused images represent the actual region of heterogeneity.
As can be seen from Fig.9 , by the MWGF, NSCTA and CNN fusion methods, it is possible to effectively delineate regions of heterogeneity in multi-wavelength images. And in the R single-wavelength image, the boundary range of heterogeneous region is enlarged due to the uneven distribution of light source. However, compared with the actual demarcated region of heterogeneity, the image fusion method proposed in this paper is more accurate in demarcating heterogeneous region. The range of heterogeneous region demarcated by MWGF, NSCTA and CNN fusion methods has been expanded to some extent. In addition, due to the inability to improve the contrast between different regions, other stateof-the-art image fusion methods cannot effectively identify heterogeneous region.
Summary of experimental results: After multi-wavelength transmission image is processed by the frame accumulation, the SNR and grayscale of images are greatly enhanced. And compared with the state-of-the-art image fusion methods, the fusion method in this paper not only enhances the contrast, but also improves the accuracy of heterogeneous region detection.
V. CONCLUSION
Aiming at the problem of ambiguity of heterogeneous region in multi-wavelength transmission images, this paper proposes a fusion method of multi-wavelength images in the frequency domain to realize the detection of heterogeneous region. Among them, frame accumulation technique and second-order Butterworth filter are used to improve the SNR and suppress the noise of images. Then, after homomorphic filtering, it is found that the same frequency domain is connected in the multi-wavelength images, which is not conducive to the detection of heterogeneous region. Based on this, the low and high frequency regions of image are fused respectively by RVS and RSEW to break the connectivity among the same frequency domain. Finally, the region of heterogeneity in image is obtained by watershed algorithm. And compared with the state-of-the-art image fusion methods, the method in this paper not only improves the contrast between heterogeneous region and normal region of fusion image, but also detects the heterogeneous region more accurately. Although it is only the detection of the simplest heterogeneous region in phantom, it provides a favorable idea for breaking the connectivity of image in the frequency domain. With further research, improved method can be adapted to more complex situations and even clinical applications. In conclusion, the fusion algorithm not only effectively realizes the recognition of heterogeneity in multi-wavelength images, but also promotes the clinical application of multi-wavelength transmission imaging in the early screening of breast tumors. LING LIN received the B.S. degree in precision measurement instruments from Hefei Polytechnic University, in 1982, the M.S. degree in measurement technology and instrument from Tianjin University, in 1987, and the Ph.D. degree in biomedical engineering from Hokkaido University, in 1999. She is currently a Professor with the School of Precision Instrument and Opto-Electronics Engineering, Tianjin University. Her research interests include signal detecting and processing, sensor engineering, and microcomputer application. VOLUME 7, 2019 
